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ABSTRACT

Wongabel virus (WONV) is an arthropod-borne rhabdovirus that infects birds. It is one of the growing array of rhabdoviruses
with complex genomes that encode multiple accessory proteins of unknown function. In addition to the five canonical rhabdovi-
rus structural protein genes (N, P, M, G, and L), the 13.2-kb negative-sense single-stranded RNA (ssRNA) WONV genome con-
tains five uncharacterized accessory genes, one overlapping the N gene (Nx or U4), three located between the P and M genes (U1
to U3), and a fifth one overlapping the G gene (Gx or U5). Here we show that WONV U3 is expressed during infection in insect
and mammalian cells and is required for efficient viral replication. A yeast two-hybrid screen against a mosquito cell cDNA li-
brary identified that WONV U3 interacts with the 83-amino-acid (aa) C-terminal domain of SNF5, a component of the SWI/SNF
chromatin remodeling complex. The interaction was confirmed by affinity chromatography, and nuclear colocalization was es-
tablished by confocal microscopy. Gene expression studies showed that SNF5 transcripts are upregulated during infection of
mosquito cells with WONV, as well as West Nile virus (Flaviviridae) and bovine ephemeral fever virus (Rhabdoviridae), and that
SNF5 knockdown results in increased WONV replication. WONV U3 also inhibits SNF5-regulated expression of the cytokine
gene CSF1. The data suggest that WONV U3 targets the SWI/SNF complex to block the host response to infection.

IMPORTANCE

The rhabdoviruses comprise a large family of RNA viruses infecting plants, vertebrates, and invertebrates. In addition to the ma-
jor structural proteins (N, P, M, G, and L), many rhabdoviruses encode a diverse array of accessory proteins of largely unknown
function. Understanding the role of these proteins may reveal much about host-pathogen interactions in infected cells. Here we
examine accessory protein U3 of Wongabel virus, an arthropod-borne rhabdovirus that infects birds. We show that U3 enters
the nucleus and interacts with SNF5, a component of the chromatin remodeling complex that is upregulated in response to in-
fection and restricts viral replication. We also show that U3 inhibits SNF5-regulated expression of the cytokine colony-stimulat-
ing factor 1 (CSF1), suggesting that it targets the chromatin remodeling complex to block the host response to infection. This
study appears to provide the first evidence of a virus targeting SNF5 to inhibit host gene expression.

The Rhabdoviridae family is one of the most ecologically diverse
families of RNA viruses, with members infecting plants, ver-

tebrates, and invertebrates. The negative-sense single-stranded
RNA (ssRNA) genomes of known rhabdoviruses range in size
from �11 kb to 16 kb (1; P. J. Walker, C. Firth, S. G. Widen, K. R.
Blasdell, H. Guzman, T. G. Wood, P. N. Paradkar, E. C. Holmes,
R. B. Tesh, and N. Vasilakis, submitted for publication). All the
genomes contain five genes, arranged in the order 3=-N-P-M-G-
L-5=, encoding structural proteins with functional characteristics
that are very well described. However, in many rhabdoviruses, the
structural protein genes are interspersed, overprinted, or over-
lapped, with “accessory” genes encoding proteins that are unre-
lated to other viral or host proteins and have functions that are
either poorly understood or entirely unknown (1). As observed
for other RNA viruses (such as paramyxoviruses, coronaviruses,
and lentiviruses), rhabdovirus accessory genes may encode pro-
teins with important functions in virus replication, pathogenesis,
and evasion of host responses to infection (1–4). Furthermore, as
many plant and animal rhabdoviruses are transmitted by replica-
tion in insect vectors, some may play a role in the invertebrate
host, in which the processes of infection, persistence, and immu-
nity are poorly understood (1, 5).

Wongabel virus (WONV) was isolated in 1979 from biting

midges (Culicoides austropalpalis) collected near Kairi in Queens-
land, Australia (6). It is currently classified as an unassigned spe-
cies (Wongabel virus) of the family Rhabdoviridae. WONV-neu-
tralizing antibodies have been detected in sea birds collected from
the Great Barrier Reef, but there is no evidence to date that the
virus is associated with human or animal disease (7). The 13,196-
nucleotide (nt) genome is relatively complex, encoding five puta-
tive accessory proteins (WONV U1 to WONV U5) of unknown
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function (6). Open reading frames (ORFs) U1, U2, and U3 are
arranged consecutively between the P and M genes, encoding
small acidic proteins (�16.5 to �21.9 kDa) with low but identifi-
able sequence homology (1). WONV U4 (or Nx) lies in a second
consecutive ORF in the N gene and encodes a putative �5.8-kDa
protein. ORF U5 (or Gx) overlaps the G gene and encodes a pu-
tative �14.9-kDa protein with structural characteristics similar to
the ephemerovirus viroporin-like �1 proteins (1, 6; Walker et al.,
submitted).

In this paper, we investigate the function of the �16.5-kDa
WONV U3 protein. We demonstrate that WONV U3 is expressed
during infection of mammalian and insect cells and is required for
efficient viral replication. We also show that WONV U3 is trans-
located to the nucleus, where it binds to SNF5, a component of the
SWI/SNF chromatin remodeling complex, inhibiting SNF5-regu-
lated gene expression. This strategy may be used by the virus to
inhibit the host response to viral infection.

MATERIALS AND METHODS
Virus propagation and titration. WONV (CS264 strain), bovine ephem-
eral fever virus (BEFV) (CS1865 strain), and West Nile virus (WNV)
(Kunjin K42886 strain) were propagated in African green monkey kidney
(Vero or COS-7), baby hamster kidney (BHK-BSR), or Aedes albopictus
(C6/36) cell lines. Mammalian cells were cultivated as described previ-
ously (9, 10). Insect cells were grown at 32°C in 199 medium supple-
mented with 10 mM HEPES, 2 mM L-glutamine, 137 �M streptomycin,
80 U/ml penicillin, and 5% fetal calf serum. Fifty percent tissue culture
infective dose (TCID50) titrations were conducted in Vero cells, and titers
were estimated according to the method of Reed and Muench (11).

RNA and protein extractions. Total RNA was extracted by using the
RNeasy Plus minikit (Qiagen) according to the manufacturer’s specifica-
tions. Unless otherwise stated, protein extractions were conducted by
washing cells once with phosphate-buffered saline (PBS) followed by ice-
cold buffer I (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, 10 mM EDTA,
0.5% Triton X-100, 5 mM dithiothreitol [DTT], 1� Sigma P2714 pro-
tease inhibitor). The cell suspension was adjusted to a final concentration
of 150 mM NaCl, passed five times through a 20-gauge needle, agitated for
30 min at 4°C, and centrifuged at 1,500 � g for 15 min. The clarified lysate
was stored at �20°C.

Cloning and expression of WONV U3 for purification from E. coli.
The WONV U3 ORF was cloned into the NheI and BamHI sites of a
modified pET43 vector (Novagen) in which the NusA solubility tag was
replaced with a C-terminal hexahistidine tag (pETCSIRO-B). The con-
struct was transformed into Escherichia coli strain Rosetta, and the ex-
pressed protein was purified by using a HisTRAP FF immobilized Ni2�

affinity column (GE Healthcare), as described previously (12).
Yeast two-hybrid screen. Yeast two-hybrid screens were conducted

by using the Matchmaker Gold yeast two-hybrid system (Clontech) ac-
cording to the manufacturer’s specifications. To construct the bait plas-
mid, the WONV U3 ORF was amplified by PCR using gene-specific prim-
ers. The PCR product was cloned into the BamHI and SalI sites of
pGBKT7 to yield pGBKT7(WU3), and the construct was confirmed by
sequencing.

To construct the target library, C6/36 cells were infected with BEFV,
and RNA was extracted at 0, 12, 24, 36, and 72 h postinfection (hpi).
Pooled RNA from all extractions was used to construct the library by using
the Mate & Plate library system (Clontech) according to the manufactur-
er’s specifications. All subsequent two-hybrid matings and screenings
were conducted according to the specifications of the Matchmaker Gold
yeast two-hybrid system (Clontech).

Full-length Aedes albopictus SNF5 (AaSNF5) was amplified from the
C6/36 library, and full-length Homo sapiens SNF5 was amplified from
cDNA prepared from HeLa cells by using gene-specific primers. Each
amplified sequence was cloned into the BamHI/BglII and SalI sites of

pGADT7 to yield pGADT7(AaSNF5) and pGADT7(HsSNF5), respec-
tively. The full-length constructs were subsequently used for all yeast two-
hybrid analyses between WONV U3 and AaSNF5.

Cloning of fluorescent fusion proteins. The WONV U3 ORF was
cloned into the EcoRI and SalI sites of pAcGFP1-C2 (Clontech) to yield
pAcGFP1-C2(WU3) for expression of WONV U3 fused at its N terminus
to green fluorescent protein (GFP). Plasmid pEGFP-C1-RVP-P1 was de-
scribed previously (13). For expression of red fluorescent protein (RFP)-
fused proteins, the GFP ORF of pAcGFP1-C2 was replaced with the RFP
ORF, which was excised from pmCherry-C1 by using NheI and BsrGI; this
generated the pAcRFP-C2 vector. The partial SNF5 ORF (84 amino acids
[aa]) obtained from the yeast two-hybrid screen was cloned into this
vector by using BglII and SalI to produce pAcRFP-C2(SNF5).

Transfections. Transfections for overexpression of WONV U3 were
conducted in 6-well plates by using 2 �g plasmid DNA and Lipofectamine
2000 (Invitrogen) (1:2) according to the manufacturer’s specifications.
Transfections for confocal microscopy were conducted as described be-
low, in 24-well plates containing glass coverslips. For knockdown exper-
iments, transfections were conducted by using 1.5 �g small interfering
RNA (siRNA) and Lipofectamine 2000 for Vero and BHK/BSR cells and
Cellfectine II (Invitrogen) for C6/36 cells, according to the manufacturer’s
specifications. Luciferase siRNA (siRNA[Luc]) (Invitrogen) was used as a
nonspecific knockdown control.

Preparation of antisera. Polyclonal WONV U3 antiserum was raised
in 3-week-old specific-pathogen-free (SPF) White Leghorn chickens
(Spafas). For primary immunization and boosts, each chicken was in-
jected intramuscularly at 2-week intervals with 50 �g WONV U3. The first
dose was prepared in CSIRO triple adjuvant (60% [vol/vol] Montanide
combined with 3 mg/ml Quil A and 30 mg/ml DEAE-dextran in PBS). The
second and third boosts were prepared in Freund’s incomplete adjuvant
in PBS. Sera were collected following each immunization. Antibody titers
were determined by an enzyme-linked immunosorbent assay (ELISA)
against the immunizing antigen.

Immunoblotting. Protein extracts were treated and analyzed by SDS-
PAGE and immunoblotting as described previously (10). Primary anti-
bodies (anti-WU3 chicken serum, anti-GFP mouse serum, and anti-SNF5
mouse serum) and secondary antibodies (rabbit anti-chicken horseradish
peroxidase [HRP]-conjugated IgY and sheep anti-mouse HRP-conju-
gated IgG; Thermofisher) were used at a dilution of 1/2,000.

Laser scanning confocal microscopy. Transfected cells were fixed in
4% paraformaldehyde in PBS at room temperature for 40 min and then
washed and stored in PBS at 4°C. Nuclei were labeled with 4=,6-di-
amidino-2-phenylindole (DAPI) (Sigma) in distilled H2O, and the cover-
slips were mounted on microscope slides in Vectashield (Vector Labora-
tories), sealed, and imaged by using a Leica Microsystems SP5 confocal
microscope with a 60� oil immersion objective. Cell monolayers were
treated with 0.1% Triton X-100 for 10 min. Nonspecific binding was then
blocked in 0.5% PBS for 30 min. Primary antibody diluted in 0.5% bovine
serum albumin (BSA) in PBS (1/750 for SNF5 antibody and 1/500 for
anti-WU3 chicken serum) was added, and the cells were incubated for 1 h,
washed, and incubated with secondary antibody in 0.5% BSA in PBS
(1/200 for Alexa Fluor 568 goat anti-rabbit for SNF5 and Alexa Fluor 488
goat anti-chicken for U3). Monolayers were then washed in PBS and
rinsed with distilled H2O. Nuclei were then labeled with DAPI in distilled
H2O, and the coverslips were mounted onto microscope slides, sealed,
and imaged by using a Leica Microsystems SP5 confocal microscope with
a 60� oil immersion objective.

To assess nuclear trafficking in live cells, transfected COS-7 cells were
treated with 2.8 ng/ml leptomycin B (LMB) for 3 h before imaging using
an inverted Nikon C1 confocal microscope with a 100� oil immersion
objective and a heated stage. To determine the nucleocytoplasmic local-
ization of protein, the ratio of nuclear to cytoplasmic fluorescence (Fn/c)
was calculated from digitalized images of �30 transfected cells by using
Image J software, as described previously (13).
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Affinity chromatography. The 84-aa C-terminal domain of AaSNF5
was cloned downstream of E. coli maltose binding protein (MBP) by using
the vector pMALc5x (New England BioLabs), transformed into E. coli
NEBexpress (New England BioLabs), and inoculated into 250 ml of LB
supplemented with 100 �g/ml ampicillin and 0.2% glucose. The culture
was grown at 37°C to an optical density at 600 nm (OD600) of 0.6 before
induction with 0.3 mM isopropyl-	-D-thiogalactopyranoside (IPTG) at
22°C for 24 h. The cells were then harvested by centrifugation at 16,000 �
g for 10 min at 4°C, resuspended in 10 ml buffer II (20 mM Tris-HCl [pH
7.5], 200 mM NaCl, 1 mM EDTA) containing 5 mM DTT and Sigma
P2714 protease inhibitor (200 mM buffer II-DP), frozen at �20°C, and
thawed on ice. The suspension was then sonicated for 1 min in 15-s pulses,
clarified by centrifugation at 16,000 � g for 20 min at 4°C, and added to 1
ml amylose resin (New England BioLabs) washed in 5 volumes of buffer
II. The slurry was incubated with gentle rotation for 4 h, centrifuged at
8,000 � g for 10 min, resuspended in 1 ml 200 mM buffer II-DP, trans-
ferred into an Eppendorf tube, and washed with 10 volumes of the same
buffer. Slurries containing either MBP or MBP-AaSNF5 bound to amy-
lose were used for pulldown assays.

A crude protein lysate (�5 mg/ml) from WONV-infected Vero cells
was preadsorbed for 2 h at 4°C with amylose resin prewashed in buffer II.
The resin was then removed by centrifugation, and the lysate was made up
to 10 ml with buffer II containing 150 mM NaCl, 5 mM DTT, and 1�
Sigma P2714 protease inhibitor (150 mM buffer II-DP). Equal aliquots of
the lysate were then treated with amylose resin containing MBP or MBP-
SNF5 at 4°C for 24 h with gentle agitation. The resin was then recovered by
centrifugation at 5,000 � g at 4°C, resuspended in 1 ml of ice-cold 150
mM buffer II-DP, washed with 10 volumes of the same ice-cold buffer,
resuspended in 200 �l of 2� loading buffer, and analyzed by SDS-PAGE
and immunoblotting.

BHK-BSR cells were transfected with either pAcGFP1-C2 or
pAcGFP1-C2(WU3) and 2 �l of Lipofectamine 2000 in a 6-well plate. At
24 h posttransfection, cells were pelleted, and GFP trapping was con-
ducted by using a GFP-Trap_M kit (Chromotek) according to the man-

ufacturer’s instructions. Cell pellets were resuspended in 200 �l lysis buf-
fer by pipetting and incubated on ice for 30 min. The resulting lysates were
centrifuged at 20,000 � g for 10 min at 4°C, and the supernatant was
transferred into a prechilled tube. An equilibrated GFP-Trap_M bead
slurry (30 �l) was added and allowed to mix with the lysate for 2 h at room
temperature. The beads were separated magnetically, and the supernatant
was discarded. The beads were then washed twice with 500 �l ice-cold
wash buffer. In order to disassociate the beads, 2� SDS sample buffer was
added, and the samples were heated at 95°C for 10 min. The samples were
then analyzed by SDS-PAGE (Invitrogen) as described above.

Double-stranded siRNA preparation. Double-stranded siRNAs
against AaSNF5, WONV N, and WONV U3 were synthesized from syn-
thetic oligonucleotides containing a T7 promoter sequence (Table 1).
Single-stranded oligonucleotides were synthesized by Geneworks Austra-
lia. The oligonucleotides were resuspended in water, and complementary
strands were mixed, heated at 75°C for 30 min, and then allowed to cool at
room temperature overnight. This template was used to synthesize dou-
ble-stranded siRNA by using the mMESSAGE mMACHINE T7 Ultra kit
(Ambion, Australia). Double-stranded siRNAs against mammalian SNF5
were ordered from Millennium Science (Thermo Scientific) and used
according to the manufacturer’s specifications by using siRNA delivery
medium (Thermo Scientific). siRNA against Renilla luciferase (also pro-
vided by Millennium Science) was used as a control.

Quantitative real-time PCR. Quantitative real-time PCR (qRT-PCR)
was performed by using SYBR green PCR master mix (Invitrogen, Aus-
tralia). Total RNA was used to prepare cDNA by using SuperScript III
reverse transcriptase (Invitrogen, Australia) and random hexamer prim-
ers according to the manufacturer’s specifications. qRT-PCR was per-
formed by using �20 ng cDNA and gene-specific primers. Cycle condi-
tions were a denaturation step at 95°C for 10 min and 45 cycles of 95°C for
15 s and 60°C for 1 min. Copy numbers were determined by constructing
standard curves, and fold induction profiles were determined by using the


CT method (14). cDNA normalization was conducted by using inter-
nal 18S (Vero and BHK-BSR cells) or 17S (C6/36 cells) RNA primers.

TABLE 1 Synthetic oligonucleotides used for generation of double-stranded siRNA

Organism Target gene Synthetic oligonucleotide for siRNA preparationa

Wongabel virus N GGATCCTAATACGACTCACTATAggtgataaaccaaaacctc
AAgaggttttggtttatcaccTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgaggttttggtttatcacc
AAggtgataaaccaaaacctcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgaattcttcgagaaaaatc
AAgatttttctcgaagaattcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgatttttctcgaagaattc
AAgaattcttcgagaaaaatcTATAGTGAGTCGTATTAGGATCC

Wongabel virus U3 GGATCCTAATACGACTCACTATAgactagacgagtgtatttc
AAgaaatacactcgtctagtcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgaaatacactcgtctagtc
AAgactagacgagtgtatttcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgtgaagaaatcctggaccc
AAgggtccaggatttcttcacTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgggtccaggatttcttcac
AAgtgaagaaatcctggacccTATAGTGAGTCGTATTAGGATCC

Aedes albopictus SNF5 GGATCCTAATACGACTCACTATAgaagaacgcaagaagctgc
AAgcagcttcttgcgttcttcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgaaatacactcgtctagtc
AAgcagcttcttgcgttcttcTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAggtgcacaacaagaagatc
AAgatcttcttgttgtgcaccTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAgatcttcttgttgtgcacc
AAggtgcacaacaagaagatcTATAGTGAGTCGTATTAGGATCC

a Gene-specific sequences are underlined and in lowercase type.
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Nucleotide sequence accession number. The GenBank accession
number for the Aedes albopictus SNF5 gene is KC576842.

RESULTS
WONV U3 is expressed during WONV infection in insect cells
and mammalian cells. WONV U3 gene expression was analyzed
during the course of infection in mammalian (Vero and BHK-
BSR) and insect (C6/36) cells. Cells were infected with WONV
(multiplicity of infection [MOI] of 1 TCID50/cell), and mRNA
and protein expression levels were determined at various times
postinfection by qRT-PCR and immunoblotting, respectively.

In Vero and BHK-BSR cells, WONV infection resulted in a
progressive cytopathic effect (CPE). In Vero cells, virus titers
reached �107 TCID50/ml by 24 hpi and remained high up to 72
hpi, when there was total destruction of the cell monolayer (Fig.
1A). WONV U3 mRNA levels peaked at 24 hpi and declined by
�5-fold at 72 hpi (Fig. 1B). BHK-BSR cells exhibited a CPE sim-
ilar to that of Vero cells, and virus titers reached similarly high
levels, but in contrast to Vero cells, WONV titers declined sharply
(�2 logs) by 72 hpi (Fig. 1A). WONV U3 mRNA levels similarly
peaked at 24 hpi but declined sharply (�1.5 logs) at 72 hpi.
WONV U3 protein levels were detected in Vero and BHK-BSR
cells from 14 hpi, peaked at 24 to 48 hpi and then declined as the
CPE progressed (Fig. 1C). WONV U3 was also detected in BHK-

BSR cells by immunofluorescence and was localized predomi-
nantly in the nucleus (Fig. 1D).

WONV infection in C6/36 cells resulted in almost no visible
CPE, and cells recovered from an initial disturbance to display a
normal appearance by 72 hpi. WONV titers were significantly
lower than those observed in Vero and BHK-BSR cells. Titers in
C6/36 cells peaked at �1 � 106 TCID50/ml at 24 hpi and then
declined by 48 hpi to stabilize at �8 � 103 TCID50/ml at 72 hpi
(Fig. 1A). WONV U3 mRNA expression levels were also lower in
C6/36 cells but displayed a pattern similar to that observed in Vero
cells. Viral mRNA copy numbers peaked at 24 hpi and then di-
minished 3-fold to 5-fold at 72 hpi (Fig. 1B). The pattern of viral
protein expression in C6/36 cells varied. Reflecting WONV titers,
WONV U3 protein levels peaked sharply at 24 hpi and then de-
clined sharply (Fig. 1C).

WONV U3 is required for efficient viral replication. Knock-
down experiments were conducted to determine if WONV U3
expression is required for efficient viral replication in cell culture
by using double-stranded siRNAs targeting WONV N gene
(siRNA[N]) and U3 gene (siRNA[WU3]) transcripts. The speci-
ficity of the siRNAs for the knockdown of each target protein was
established by using GFP fusion constructs expressed from trans-
fected plasmids (Fig. 2). Vero cells were infected with WONV
(MOI of 1 TCID50/cell) and transfected at 6 hpi with siRNA[N] or

FIG 1 WONV U3 expression in mammalian and insect cells. (A) TCID50 titers at 0, 24, 48, and 72 hpi in Vero, BHK-BSR, and C6/36 cells infected with WONV
at 1 TCID50/cell. (B) Copy number determined by qRT-PCR of WONV U3 mRNA following WONV infection at 1 TCID50/cell of Vero, BHK-BSR, and C6/36
cells. (C) Immunoblot detection of WONV U3 protein in Vero (top), BHK-BSR (middle), and C6/36 (bottom) cells infected with WONV at 1 TCID50/cell. (D)
Detection by indirect immunofluorescence of WONV U3 protein expression in BHK-BSR cells following infection with WONV at 1 TCID50/cell (blue, DAPI;
green, WONV U3).
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siRNA[WU3]. Treatment with siRNA[N] resulted in a 5-fold to
10-fold reduction in N mRNA levels at 24 to 72 hpi and a small but
significant reduction in WONV U3 mRNA levels compared to
those in cells treated with control siRNA[Luc] (Fig. 3A and B).
Treatment of cells with siRNA[WU3] resulted in a significant re-
duction in WONV U3 mRNA levels and a generally smaller but
significant reduction in N mRNA levels at 24 to 72 hpi (Fig. 3C and
D). Viral infectivity assays indicated that the knockdown of the N
gene and WONV U3 gene had a similar effect on WONV titers,
with 100-fold to 1,000-fold reductions at 24 hpi and 48 hpi but not
at 72 hpi (Fig. 3E). Furthermore, overexpression of WONV U3 led
to an �6.5-fold (0.8-log) increase in WONV titers at 48 h postin-
fection (Fig. 3F). The effect of overexpression was evident only at
a low MOI (0.1 TCID50/cell), most likely because natural (virus-
derived) expression of U3 at a high MOI overwhelms the level of
overexpression from the plasmid (Fig. 3G). The data indicated
that both N gene and WONV U3 gene expressions are required for
efficient virus replication.

WONV U3 interacts with SNF5. A yeast two-hybrid screen
was conducted to identify cellular proteins that may interact with

WONV U3. Initially, a cDNA target library was constructed from
BEFV-infected C6/36 cells, and a bait plasmid was constructed by
using an amplified full-length clone of the WONV U3 ORF. The
screen identified a strong interaction with a 249-bp insert encod-
ing the 83-aa C-terminal region of a 371-aa polypeptide with
96.5% amino acid sequence identity to Aedes aegypti SNF5 (SWI/
SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily B member 1; GenBank accession number
XM_001648944) (Fig. 4). The full-length Aedes albopictus SNF5
transcript was amplified and sequenced. We used a subsequent
yeast two-hybrid assay to demonstrate the binding of WONV U3
to full-length AaSNF5. To rule out any nonspecific binding of
either WONV U3 or AaSNF5 to components of the yeast two-
hybrid system, all possible plasmid combinations were trans-
formed into the two respective Saccharomyces cerevisiae strains,
and the strains were subsequently mated and plated onto progres-
sively more stringent media. AaSNF5 specifically interacted with
WONV U3, and no nonspecific interactions occurred between
either WONV U3 or AaSNF5 and components of the yeast two-
hybrid system (Fig. 5A). We also repeated the yeast two-hybrid

FIG 2 WONV U3 siRNA does not target plasmid-expressed WONV N mRNA. (A) Cells transfected with pAcGFP1-C2(WN) or pAcGFP1-C2(WU3) and
WONV U3 siRNA (siRNA[U3]) or WONV N siRNA (siRNA [N]). Cells were fixed at 24 h posttransfection and observed by using an Evos FL microscope (Life
Technologies). Bar, 400 �m. (B) GFP-positive cell count after transfection with pAcGFP1-C2(WN) or pAcGFP1-C2(WU3) and siRNA[U3] or WONV
siRNA[N] on a 2,400-�m2 surface. Positive cells were identified and quantified by using the Evos FL cell imaging system (Life Technologies). Statistical analyses
were conducted by using an unpaired two-tailed Student t test with GraphPad Prism 6C. Significant differences are indicated (���, P � 0.001; ��, P � 0.01; NS,
not significant).
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analysis with full-length mammalian SNF5 and obtained similar
results (results not shown).

A GFP trap was employed to obtain independent confirmation
of the interaction between WONV U3 and full-length SNF5.
BHK-BSR cells were transfected with either pAcGFP1-C2 or
pAcGFP1-C2(WU3). At 24 h posttransfection, clarified lysates
were prepared and incubated with GFP binding proteins coupled
to agarose beads. Proteins bound to the washed beads were eluted,
resolved by SDS-PAGE, and examined by immunoblotting with
antibodies specific to SNF5. As shown in Fig. 5B, SNF5 was de-
tected in lysates transfected with pAcGFP1-C2(WU3) but not in
lysates from cells transfected with the empty vector pAcGFP1-C2.
The double band detected was observed in previous studies (15,
16) and is possibly due to the antibody detecting both SNF5 iso-
forms (Smarc1a and Smarc1b).

The 83-aa C-terminal domain of AaSNF5 was also cloned
downstream of E. coli maltose binding protein (MBP). The MBP-

AaSNF5 fusion protein was overexpressed, bound to amylose
resin, and reacted with a lysate of WONV-infected Vero cells. As
shown in Fig. 5C, a Western blot assay using WONV U3 antise-
rum detected specific binding of the fusion protein to the �16-
kDa WONV U3 protein.

WONV U3 colocalizes with SNF5 in the nucleus. The subcel-
lular localization of WONV U3 was examined in BHK-BSR, Vero,
and COS-7 cells by confocal microscopy. BHK-BSR cells were
infected with WONV and stained for both WONV U3 (green) and
SNF5 (red). WONV U3 and SNF5 were found to colocalize in the
nucleus (Fig. 6A), but no clear direct association was detected.
Further confirmation of this interaction was obtained by cotrans-
fecting Vero cells with plasmid pAcRFP-C2(SNF5) expressing the
84-aa C-terminal region of AaSNF5 fused to RFP and plasmid
pAcGFP1-C2(WU3) expressing full-length WONV U3 fused to
GFP. Nuclear colocalization of the expressed fusion proteins was
observed at 24 h posttransfection (Fig. 6B). The strong intranu-

FIG 3 Effects of WONV N gene knockdown (A, B, and E), WONV U3 gene knockdown (C to E), and WONV U3 gene overexpression (F and G) on WONV
replication in Vero cells. (A) WONV N mRNA quantification by qRT-PCR following transfection with luciferase siRNA (siRNA[Luc]) or WONV N siRNA
(siRNA[N]). (B) WONV U3 mRNA quantification by qRT-PCR following transfection with siRNA[Luc] or siRNA[N]. (C) WONV N mRNA quantification by
qRT-PCR following transfection with siRNA[Luc] or siRNA directed against WONV U3 (siRNA[U3]). (D) WONV U3 mRNA quantification by qRT-PCR
following transfection with siRNA[Luc] or siRNA[U3]. (E) WONV TCID50 titration following transfection with siRNA[Luc], siRNA[N], or siRNA[U3]. (F and
G) WONV titers in Vero cells transfected with the pAcGFP1-C2 vector (�WU3) or pAcGFP1-C2(WU3) expressing the WU3-GFP fusion protein (�WU3),
infected with WONV at 24 h posttransfection, and assayed at 48 hpi. GFP expression was verified by fluorescent light microscopy (not shown). WONV infection
was conducted at an MOI of 0.1 TCID50/cell (F) or MOIs of 0.1 TCID50/cell and 1.0 TCID50/cell (G). Statistical analyses were conducted by using two-way
analysis of variance with Tukey’s multiple-comparison test to determine individual P values (A to E) or an unpaired, two-tailed Student t test (F) (GraphPad
Prism 6C). Significant differences are indicated (����, P � 0.0001; ���, P � 0.001; ��, P � 0.01; �, P � 0.05; NS, not significant).

Ae_aegypti_SNF5              ---M-SLKTYGDRPVSFQLEEGGEYFCIGSEVGNYLRLFRGLLYKKYPGM 
Homo_sapiens_SNF5            MMMMALSKTFGQKPVKFQLEDDGEFYMIGSEVGNYLRMFRGSLYKRYPSL 
Gallus_gallus_SNF5           MMMMALSKTFGQKPVKFQLEEDGEFYMIGSEVGNYLRMFRGSLYKRYPSL 
                                *   **:*::**.****::**:: **********:*** ***:**.: 

Ae_aegypti_SNF5              MRKTLSPEERKTLLEIGISNQ------------FLASSVSLLRASEVQDI 
Homo_sapiens_SNF5            WRRLATVEERKKIVASSHGKK-TKPNTKDHGYTTLATSVTLLKASEVEEI 
Gallus_gallus_SNF5           WRRLATVEERKKIVASSHENQRSHSPRRYHGYTTLATSVTLLKASEVEEI 
                              *:  : ****.::  .  ::             **:**:**:****::* 

Ae_aegypti_SNF5              LDGNDEKYKAVSVTTTEPPAPRESKSSKKQPPWVPTMPNSS-HLDAVPQA 
Homo_sapiens_SNF5            LDGNDEKYKAVSISTEPPTYLREQK-AKRNSQWVPTLSNSSHHLDAVPCS 
Gallus_gallus_SNF5           LDGNDEKYKAVSISTEPPTYLREQK-AKRNNQWVPTLPNSSHHLDAVPCS 
                             ************::*  *.  **.* :*::  ****:.*** ****** : 

Ae_aegypti_SNF5              TPINRNRVHNKKIRTFPMCFDDTDPTLNIENAAQAEVLVPIRLDMEIEGQ 
Homo_sapiens_SNF5            TTINRNRMGRDKKRTFPLCFDDHDPAVIHENASQPEVLVPIRLDMEIDGQ 
Gallus_gallus_SNF5           TTINRNRMGRDKKRTFPLCFDDHDPAVIHENASQPEVLVPIRLDMEIDGQ 
                             *.*****: ..* ****:**** **::  ***:*.************:** 

Ae_aegypti_SNF5              KLRDTFTWNRNESMITPEQFAEVLCDDLDLNPTPFVPAIAAAIRQQIEAY 
Homo_sapiens_SNF5            KLRDAFTWNMNEKLMTPEMFSEILCDDLDLNPLTFVPAIASAIRQQIESY 
Gallus_gallus_SNF5           KLRDAFTWNMNEKLMTPEMFSEILCDDLDLNPLTFVPAIASAIRQQIESY 
                             ****:**** **.::*** *:*:********* .******:*******:* 

Ae_aegypti_SNF5              PSEPIVLEEGSDQRVLVKLNIHVGNTSLVDQVEWDMAQKDNNPEDFAIKL 
Homo_sapiens_SNF5            PTDSI-LEDQSDQRVIIKLNIHVGNISLVDQFEWDMSEKENSPEKFALKL 
Gallus_gallus_SNF5           PTDSI-LEDQSDQRVIIKLNIHVGNISLVDQFEWDMSEKENSPEKFALKL 
                             *::.* **: *****::******** *****.****::*:*.**.**:** 

Ae_aegypti_SNF5              CAELGLGGEFVTAISYSIRGQLSWHQRTYAFSEAPLATVEVPFRTPSDAD 
Homo_sapiens_SNF5            CSELGLGGEFVTTIAYSIRGQLSWHQKTYAFSENPLPTVEIAIRNTGDAD 
Gallus_gallus_SNF5           CSELGLGGEFVTTIAYSIRGQLSWHQKTYAFSENPLPTVEIAIRNTGDAD 
                             *:**********:*:***********:****** **.***:.:*...*** 

Ae_aegypti_SNF5              QWAPFLETLTDAEMEKKIRDQDRNTRRMRRLANTYTGW
Homo_sapiens_SNF5            QWCPLLETLTDAEMEKKIRDQDRNTRRMRRLANTGPAW
Gallus_gallus_SNF5           QWCPLLETLTDAEMEKKIRDQDRNTRRMRRLANTAPAW

Repeat I 

Repeat II

Coiled-coil HR3 region 

NES

FIG 4 ClustalX alignment of the deduced amino acid sequences of mosquito (Aedes albopictus [GenBank accession number KC576842] and Aedes aegypti
[accession number XM_001648944]), human (Homo sapiens [accession number AAA81905]), and chicken (Gallus gallus [accession number NP_001034344])
SNF5. Conserved domains are highlighted in blue. The predicted nuclear export signal is boxed. Conserved residues in the repeat domains are highlighted in
purple. The 83-aa C-terminal region that has been shown to interact with WU3 is shaded in gray.
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clear fluorescence observed in COS-7 cells transfected with plas-
mid pAcGFP1-C2(WU3) increased following treatment with
LMB, which inhibits nuclear protein export by the exportin
CRM1 (17) (Fig. 6C). To quantify the nuclear localization of the
proteins, Fn/c was determined for GFP and GFP-WU3 in cells at
27 h posttransfection, which indicated that the localization of
WU3-GFP was significantly greater than that of GFP alone and
showed a further significant increase following LMB treatment
(Fig. 6D). Thus, it appears that WONV U3 can accumulate in the
nucleus and that its nucleocytoplasmic localization is regulated by
active nuclear export by CRM1. Similar results were observed fol-
lowing transfection of COS-7 cells with pEGFP-C1-RVP-P1 ex-
pressing the rabies virus P protein, which was shown previously to
be trafficked into and out of the nucleus (13).

AaSNF5 expression is upregulated during infection of C6/36
cells with WNV, BEFV, and WONV. SNF5 expression was as-
sessed by qRT-PCR following infection of C6/36 cells with
WONV, BEFV, or WNV (MOI of 1 TCID50/cell). As shown in Fig.
7A, a transient upregulation of SNF5 expression was observed at 9
hpi for each virus, and expression levels returned to normal by 24
hpi. The level of SNF5 induction varied from �4-fold for WNV to
�2.5-fold for WONV.

AaSNF5 knockdown favors WONV replication. The effect of
SNF5 knockdown on WONV infection was also assessed. C6/36
and BHK-BSR cells were transfected with double-stranded siRNA
targeting SNF5 gene transcripts and then infected with 1 TCID50/
cell of WONV at 6 h posttransfection. Relative to control lucifer-
ase siRNA, treatment with SNF5 siRNA resulted in a significant
reduction in SNF mRNA levels at 24 h posttransfection (Fig. 7B
and D). siRNA-induced SNF5 knockdown resulted in a small but
significant (�0.5 log TCID50/ml) increase in WONV titers in both
C6/36 and BHK-BSR cells (Fig. 7C and E). SNF5 knockdown was
confirmed by immunoblotting at 24 h posttransfection (Fig. 7F).

WONV U3 inhibits SNF5-regulated gene expression. SNF5
has been shown to be involved in the transcriptional regulation of
the colony-stimulating factor 1 gene (CSF1) in mammalian cells
(18). To assess the effect of WONV U3 on SNF5-regulated gene
expression, Vero and BHK-BSR cells were mock infected or in-
fected with 1 TCID50/cell WONV and transfected with pAcGFP1-
C2(WU3) or control vector pAcGFP1-C2 at 6 hpi, and CSF1 ex-
pression was analyzed at 48 h posttransfection. In each cell line,
WONV U3 overexpression resulted in a significant reduction in
CSF1 transcript levels compared to those in control untreated cells
(Fig. 8). Furthermore, WONV infection led to a significant reduc-
tion in CSF1 transcript levels compared to those in control cells,
while the overexpression of WONV U3 in the presence of WONV
infection resulted in a significantly greater reduction of CSF1 tran-
script levels. The effects of overexpression of WONV U3 and
WONV infection were significantly greater in BHK-BSR cells than
in Vero cells. In BHK-BSR cells, CSF1 transcript levels were �80%
lower than those in control cells following WONV infection and
�90% lower than those in control cells following WONV infec-
tion in the presence of overexpressed WONV U3. This was re-
flected in WONV infection levels, as determined by N gene tran-
script levels, which were �10-fold higher in BHK-BSR cells than
in Vero cells (not shown). These data indicate that WONV infec-
tion and overexpression of WONV U3 inhibit SNF5-regulated
expression of CSF1.

DISCUSSION

The evolutionarily conserved SWI/SNF chromatin remodeling
complex (also known as the BAF complex) plays a crucial role in
the regulation of gene expression in eukaryote cells and is essential
for proper development (19–21). It comprises 10 to 12 proteins,
including an invariant core complex and variable subunits that
regulate the transcription of target genes by the ATP-dependent

FIG 5 WONV U3 interacts with the full-length SNF5 from insect and mammalian cells. (A) Yeast two-hybrid analysis of the interaction between AaSNF5 and
WONV U3. S. cerevisiae strain Y2H187 transformed with either pGADT7 alone or pGADT7(AaSNF5) was mated with the S. cerevisiae strain Y2HGold containing
either pGBKT7 or pGBKT7(WU3). The resulting yeast strains were streaked out on (1) yeast peptone dextrose adenine medium (YPDA), (2) synthetic complete
(SC) medium without leucine (SC�leu), (3) SC medium without tryptophan (SC�trp), (4) SC medium without leucine or tryptophan (SC�leu/�trp), and (5) SC
medium without leucine, tryptophan, histidine, or adenine (SC�leu/�trp/�his/�ade) � 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-�-Gal) � auro-
basidin A to select for a true interaction. (B) Immunoblots using antibodies specific to SNF5 and GFP of the GFP binding fractions from lysates of BHK-BSR cells
transfected with pAcGFP1-C2(WU3) (lane 1), pAcGFP1-C2 (lane 2), and no plasmid vector (lane 3). (C) Immunoblot of pulldown assay fractions demonstrat-
ing that WONV U3 expressed in WONV-infected Vero cells binds in vitro to the 84-aa C-terminal end of AaSNF5. Lane 1, MBP alone; lane 2, MBP plus a 38-hpi
extract from WONV-infected Vero cells; lane 3, MBP/SNF5 alone; lane 4, MBP/SNF5 plus a 38-hpi extract from WONV-infected Vero cells; lane 5, 38-hpi extract
from WONV-infected Vero cells; lane 6, 14-hpi extract from WONV-infected Vero cells; lane 7, extract from uninfected Vero cells. The immunoblot was probed
with polyclonal anti-WU3 chicken antiserum.

Joubert et al.

1384 jvi.asm.org January 2015 Volume 89 Number 2Journal of Virology

http://jvi.asm.org


FIG 6 WONV U3 colocalizes with SNF5 in the nucleus and is actively exported from the nucleus via CRM1. (A) Confocal image of BHK-BSR cells infected with
WONV showing WONV U3 (labeled green) and SNF5 (labeled red) colocalizing in the nucleus. (B) Confocal images demonstrating colocalization of AaSNF5
(red) and WONV U3 (green) in Vero cells transfected with plasmids pAcRFP-C2(SNF5) and pAcGFP-C2(WU3), respectively. Cells were cotransfected with
plasmids expressing WU3-GFP and AaSNF5-RFP fusion proteins (84-aa C-terminal domain) and were imaged at 24 h posttransfection. (C) Confocal images of
COS-7 cells transfected with pAcGFP1-C2, pAcGFP1-C2(WU3), and pEGFP-C1-RVP-P1 and treated with leptomycin B at 24 h posttransfection. (D) Images
such as those shown in panel A were used to calculate the ratio of nuclear to cytoplasmic fluorescence (Fn/c), as previously described (13) (n � 30 � standard
errors of the means). Statistical analyses were conducted by using an ordinary one-way analysis of variance with Tukey’s multiple-comparison test to determine
specific P values by using GraphPad Prism 6C. Significant differences are indicated (****, P � 0.0001).
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mobilization of nucleosomes and chromatin remodeling. Loss of
SWI/SNF function has been associated with malignant transfor-
mation, and several components of the complex appear to act as
tumor suppressors (22, 23). The SWI/SNF complex has also been
shown to be required for the transcriptional activation of the cy-
tokine CSF1 (18, 24) as well as the majority of type I interferon
(IFN)-inducible genes and plays an essential role in the antiviral
response of mammalian cells (25). SNF5 (also known as INI1,
BAP47, and Smarcb1) is a key component of the core SWI/SNF
complex. It contains three highly conserved regions: dual imper-
fect repeat domains, the second of which includes a masked nu-
clear export signal (NES), and a moderately conserved C-terminal
coiled-coiled region assigned as the homology region 3 (HR3)
domain (18, 26, 27) (Fig. 4). SNF5 appears to recruit the SWI/SNF
complex to specific sites in chromatin through interactions with
various transcriptional regulatory proteins. Knockdown of SNF5
has been shown to suppress the activation of the IFN-	 response
and enhance the replication of Newcastle disease virus in HeLa
cells (25).

In this paper, we have shown that the WONV accessory protein
U3 is expressed during infection in mammalian cells and insect
cells, is essential for efficient virus replication, and specifically in-
teracts with the 83-aa C-terminal domain of SNF5. In mammalian
cells, WONV U3 colocates with SNF5 in the nucleus and blocks
SNF5-regulated gene expression. In insect cells, SNF5 is upregu-
lated in response to infection with WONV (as well as other arthro-
pod-borne viruses, including the rhabdovirus BEFV and the fla-

FIG 7 SNF5 modulates WONV replication in C6/36 and BHK-BSR cells. (A)
SNF5 mRNA induction in C6/36 cells at 6 h, 24 h, 48 h, and 72 h after infection
with WNV, BEFV, and WONV. SNF5 expression levels were determined by
qRT-PCR and are shown as fold induction values with respect to mock-in-
fected cells at the same time point. (B and C) SNF5 mRNA quantification by
qRT-PCR (B) and WONV TCID50 titers (C) in C6/36 cells transfected with
siRNA directed against the luciferase control (siRNA[Luc]) or SNF5
(siRNA[Snf5]) and infected with WONV at 6 h posttransfection. (D and E)

SNF5 mRNA quantification by qRT-PCR (D) and WONV TCID50 titers (E) in
BHK-BSR cells transfected with siRNA[Luc] or siRNA[Snf5] and infected with
WONV at 6 h posttransfection. (F) Immunoblots from BHK/BSR cell lysates
transfected with siRNA[Luc] (lane 1) or siRNA[SNF5] (lane 2). The immuno-
blots were probed with SNF5 antibody and actin antibody (Abcam). Assays
were conducted at 24 h posttransfection. TCID50 titrations were performed in
Vero cells. Statistical analysis for panel A was conducted by using two-way
analysis of variance with Tukey’s multiple-comparison test to determine indi-
vidual P values. Statistical analysis for panels B to E was done by using an
unpaired t test with equal standard deviations (GraphPad Prism 6C). Signifi-
cant differences are indicated (***, P � 0.001; **, P � 0.01; *, P � 0.05).

FIG 8 Colony-stimulating factor 1 gene (CSF1) transcript levels in Vero cells
or BHK-BSR cells following overexpression of WONV U3 and infection with 1
TCID50/ml of WONV. Statistical analyses were conducted by using an ordi-
nary one-way analysis of variance with Tukey’s multiple-comparison test to
determine specific P values (GraphPad Prism 6C). Significant differences are
indicated (����, P � 0.0001; ���, P � 0.001).
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vivirus WNV), and inhibition of SNF5 expression by siRNA
knockdown favors WONV replication. Overall, our data indicate
that WONV U3 has a crucial facilitating role during infection in
both mammalian cells and insect cells through its interaction with
SNF5.

There are several previous reports of the interaction of SNF5
with viral proteins. Human papillomavirus 18 (HPV-18) E1 and
E2 proteins have been shown to recruit SNF5, stimulating viral
transcriptional activation and DNA replication (28, 29). Epstein-
Barr virus nuclear antigen 2 (EBNA2) binds to SNF5 in a process
that appears to be related to the immortalization of B cells (30, 31),
and the K8 protein of Kaposi’s sarcoma-associated herpesvirus
interacts with the N-terminal half of SNF5 to facilitate transcrip-
tional activation (32). HIV-1 integrase also interacts with SNF5 in
both the nucleus and the cytoplasm of infected T cells and is in-
corporated into mature virions (33, 34). However, to our knowl-
edge, there is no previous report of SNF5 interaction with RNA
viruses (other than retroviruses), and our study appears to pro-
vide the first evidence of a virus targeting SNF5 to inhibit host gene
expression. We have used CSF1 as a marker of SWI/SNF-regulated
gene expression, as SNF5 has been clearly shown to be required for
its transcriptional activation (18, 24), and it is an important reg-
ulator of immune responses (35). Although CSF1 expression is
shown here to be inhibited by WONV U3, further work is required
to determine if the WONV U3/SNF5 interaction is specifically
targeting host antiviral defenses. The interaction with SNF5 is of
particular interest for insect cells, which lack an interferon re-
sponse but appear to employ a parallel Jak-STAT-mediated anti-
viral defensive pathway (36).

WONV U3 was found to accumulate in the nucleus by laser
scanning confocal microscopy, and the nuclear localization was
significantly enhanced by treatment with LMB, a specific inhibitor
of the nuclear export receptor protein CRM1, indicating that
WONV U3 enters the nucleus and is actively transported out of
the nucleus. Indeed, we identified sequences in WONV U3 con-
sistent with a nuclear localization signal (NLS) and an NES, both
within the N-terminal domain (see http://nls-mapper.iab.keio.ac
.jp/cgi-bin/NLS_Mapper_form.cgi and http://www.cbs.dtu.dk
/services/NetNES), and so trafficking of WONV U3 may occur
through direct interactions with karyopherins. However, as the
WU3-GFP fusion protein (�43.4 kDa) does not exceed the nu-
clear exclusion limit, entry into the nucleus may be possible by
diffusion. Furthermore, as SNF5 has also been shown to be ac-
tively trafficked both into and out of the nucleus, it is also possible
that the subcellular localization of WONV U3 is mediated, at least
in part, by its interaction with SNF5. At present, we have no direct
evidence for independent trafficking of WONV U3, and this re-
quires further investigation.

The yeast two-hybrid assay established that WONV U3 specif-
ically interacts with the 83-aa C-terminal region of SNF5. This
comprises primarily the predicted coiled-coil region identified
previously by Morozov et al. (27) and a portion of repeat region II
downstream of the masked NES. The function of the coiled-coil
region is currently unknown, but it is highly conserved across
eukaryote SNF5 orthologs. Indeed, this region is almost perfectly
conserved among primate, rodent, and avian SNF5 orthologs, and
there is extensive homology between the vertebrate and insect
orthologs (Fig. 4). Evidence presented here showing that WONV
U3 can bind to SNF5 in both vertebrate and mosquito cells sug-
gests that it may perform similar functions by interacting with the

SWI/SNF complex during infection of both vertebrate hosts and
vectors. The SWI/SNF complex is known to regulate the expres-
sion of vertebrate immune response genes (18, 25), and this is
supported by our experimental evidence that WONV U3 blocks
the expression of the SWI/SNF-regulated cytokine CSF. Although
we have not yet assessed the consequences of the WONV U3/SNF
interaction in insect cells, the possibility that it may also subvert
the antiviral response in the vector may provide useful insights
into this largely neglected aspect of the arbovirus transmission
cycle.

The role of the other small accessory proteins encoded in ORFs
located in succession between the WONV P and M genes also
requires investigation. WONV ORFs U1 and U2 encode proteins
of a size similar to that of WONV U3, and their deduced amino
acid sequences display a high level of overall sequence similarity
and several short regions of high pairwise sequence identity (6).
Each ORF is bounded by putative transcription initiation
(GUCA) and transcription termination/polyadenylation (G[U/
A]ACUUUUUUU) sequences, indicating that they are likely to be
transcribed and expressed during infection (1, 6). However,
WONV U1 and WONV U2 lack the characteristic asparagine-rich
C-terminal domain of WONV U3, and there is no evidence of an
NLS in either protein. Interestingly, WU1 is predicted to contain
an NES in the N-terminal domain, suggesting that it may indeed
have a nuclear function. In rabies virus, various isoforms of the P
protein (P1 to P5) are generated by leaky ribosomal scanning, and
they accumulate differently in the cell due to an NES in the N-ter-
minal domain and an NLS in the C-terminal domain of the full-
length protein (37–39). The P isoforms antagonize the interferon
response by various mechanisms, including the sequestration of
STAT1 out of the nucleus (40). It would be of interest to deter-
mine if the three small WONV accessory proteins also act in con-
cert to subvert the cellular antiviral response.

Over the past several decades, intensive molecular studies of
rhabdoviruses have focused largely on rabies virus and vesicular
stomatitis virus, which have served as general models not only for
understanding rhabdoviruses but also more broadly for under-
standing the structure and function of nonsegmented negative-
sense RNA viruses. However, it is becoming increasingly evident
that the genome organizations and expression strategies displayed
by these well-known prototypes are not representative of many
rhabdoviruses, which, in addition to the five structural proteins
(N, P, M, G, and L), commonly contain a diverse array of addi-
tional ORFs encoding putative accessory proteins of unknown
function. Many of these proteins are likely to have important roles
in pathogenesis and in modulating the host response to infection.
Exploration of their functions not only may reveal the diversity of
strategies employed by viruses to engage the host but also has the
potential to expose fundamental aspects of cell biology that are
currently unknown. Of particular interest is the role of viral acces-
sory proteins in insect cells, for which little is known of the pro-
cesses of infection and immunity.
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